Chernobyl nuclear plant accident/Tritium precipitation/Tritium transport/Time series analysis Tritium precipitations in European cities and in Osaka, Japan were analyzed before and after the Chernobyl nuclear plant accident by the time series analysis code Census 11X 11 developed by US Department of Commerce Bureau of the Census. Results of this analysis showed no significant tritium precipitation was produced by the accident although marked amounts of other radioactive nuclides were detected in Europe and Japan immediately after the accident.
INTRODUCTION
Although many types of radioactive nuclides were detected in the northern hemisphere shortly after the Chernobyl nuclear plant accident of 26 April 1986, no marked tritium precipitation has been reported in Europe or Japan.
Tritium may be released with other fission products in the form of HT, which is easily oxidized to HTO during its passage through the environment' ~.
The tritium concentration of rainwater has been measured in our laboratory at the Kinki University Atomic Energy Research Institute (Osaka, Japan) since 19652). From 2 May 1986, a few days after the Chernobyl nuclear plant accident, a considerable amount of radioactive cesium, as well as other nuclides, was detected in the precipitation assayed at our laboratory and at several other Japanese nuclear establishments. No tritium peak owing to the Chernobyl accident was seen in our tritium precipitation data or in the many Chernobyl reports from around Japan. But because tritium precipitation shows large seasonal variations every year with a large peak in spring, a peak might mask the Chernobyl contribution, if present.
We eliminated the seasonal part of the peak from the original data using the time series analysis method in order to determine if there was a Chernobyl peak3)
.
METHODS
The tritium in rainwater samples collected monthly at our laboratory was, after distillation, concentrated by electrolytic enrichment prior to measurement in a liquid scintillation spectrometer of the Packard type because the tritium concentration in rainwater usually is too low to be measured directly.
Electrolysis
The electrolytic enrichment procedure consisted of three hundred cubic milliliters of distilled water, which was subjected to electrolysis in a cell equipped with Ni-Ni electrodes to 1/6-1/5 its initial volume. This procedure was repeated three times at a current density of 0.1 A/cm2 and gave about 100-fold tritium enrichment. After electrolysis, the water was neutralized with carbon dioxide then distilled twice to eliminate all electrolytes. A radiometric assay then was made.
Time series analyses of the original data
Time series analyses based on the Census IIX11 developed by the US Department of Commerce Bureau of the Census 4) were made for the original data on mothly tritium precipitation in Osaka, and in Neuherberg and other 23 European citiess)•6)'7 ( Fig. 1) .
In the analyses the original time series, 0, is assumed to consist of three components: the trend component, T; the seasonal component; S and the irregular component, I; O=T+S+I The Chernobyl peak should show up as an irregular component because an accidental peak is not periodic. The principle of the code is briefly outlined in the Appendix.
RESULTS AND DISCUSSIONS

Time series analyses
Analyzed data for a four-year period were selected for six locations (Figs 2-7). Seasonal component have been omitted because of the graph's complexity.
1-1. The original data
The original tritium precipitation (Bq/m2) data were derived from the product of the monthly tritium concentration (Bq/l) and the precipitation (mm) given in the IAEA data.
The peak height in Osaka for May 1986 is lower than for July 1983 (Fig. 2) . The peak height in Neuherberg (Germany) in May 1986 is lower than in May 1985 (Fig. 3) . The peak heights for Cuxhaven (Germany) in July and November 1986 are lower than those for May 1984 and July 1985 (Fig. 4) . The peak height for Valentia (Ireland) in May 1986 is lower than for March 1985 (Fig. 5) . The peak height for Bern (Switzerland) in June 1986 is lower than that in January 1986 and May 1985 (Fig. 6 ). The peak height for Krakow (Poland) in June 1986 is about 1.5 times that in June 1985 (Fig. 7) , but is lower than that in July 1980
(omitted in the figures). As an example, the seasonal component at Krakow is shown with the original data (Fig. 8) . Because the variations in the original and seasonal components have nearly the same magnitude, it is necessary to make clear the contribution of any tritium precipitation owing to the Chernobyl accident by eliminating the seasonal component.
1-3. The trend component
The trend component levels are almost constant, though they vary slightly with longer periods. In European cities they vary from ca. 100 Bq/m2 (Valentia, Ireland) to ca. 1000 Bq/m2 (Bern, Switzerland), whereas the tritium level for Osaka, Japan is about 80 Bq/m2.
1-4. The irregular component
The irregular tritium components of the levels in Osaka and several European cities show small peaks in May 1986 as well as the original peaks, but the magnitudes are the same as, or lower than, the spring peaks of the previous years. Therefore, if present, tritium precipitation owing to the Chernobyl accident would be below the detection limit of this analysis. 
Latitudes and tritium precipitation
The latitudes of several cities of the world plotted against tritium precipitations in May 1985, May 1986 and December 1987 are shown in Fig. 9 . Precipitation increases sharply with latitude in the northern hemisphere but is roughly constant in the southern hemisphere. A similar tendency was found for the 1963 USA data, the year of the largest scale hydrogen bomb test by that country in the Pacific Ocean 2). There is, however, no marked difference among the levels for 1985 and those for 1986 and 1987; the years before and after the accident.
Estimation of the amount of tritium precipitation owing to the Chernobyl nuclear accident
What percent of the May 1986 tritium precipitation peak heights for the cities surveyed was due to the Chernobyl accident? To estimate the scale of the tritium dispersion from Chernobyl, we investigated tritium precipitation at Ankara, Turkey, 1200 km southeast of Chernobyl5).
Because no tritium release was recorded in the reports on the Chernobyl accident, we estimated the amount of tritium released from 9.25X 1015 Bq (2.5 x 105 Ci) of released . Assuming that the released 131I and tritium from the Chernobyl plant were transported in the same proportions, the tritium precipitation at Ankara from Chernobyl would be 11.2 Bq/m2 in May 1986 and 28.6 Bq/m2 in June 1986. These values might actually be much less because tritium oxide would be deposited by isotopic exchange with vapor especially above lakes and forests') along its trajectory. Accordingly the tritium precipitation from Chernobyl would be masked under the peaks 169 Bq/m2 in May 1986 and 192 Bq/m2 in June 1986 recorded at Ankara5). for the time series analyses with the HITAC 8800 Computer System at the Tokyo University Computer Center and for his kind advice and discussion of our work. We also thank Prof. I. Anzai of Ritsumeikan University for his advice.
APPENDIX"
The outline of the principle for calculating procedure: The original time series, 0, is assumed to consist of three components: the trend factor T, the seasonal factor S and the irregular factor I;
0=T+S+I
The first approximate trend factor (T1)i for i-th month is obtained by calculating a centered 12-term moving average:
The seasonal-plus-irregular factor (SI)i is the deviation of (O)i from (T1)i;
To smooth (SI)i by adjusting the extreme value, the three-term moving average of three term moving averages for one month is The first estimate of teh seasonal factor (S1)i is given by the deviation of (S')i from (CS)i; (S1) = (S')i (CS)i Accordingly, the first estimate of the irregular factor (I1)i is obtained by subtracting (S1)i from (SI)i;
(I1)i = (SI)i (S1)i
These procedures are repeated until the final refined values of the trend, seasonal and irregular factors are obtained. Generally, the trend factor is represented by the moving average of the original data. The deviation from this is the seasonal-plus-irregular factor, the periodic component of which is the seasonal factor, the rest being the irreguar factor.
